Atomic-scale simulations are performed to study the effect of solute segregation on the shearinduced motion of select grain boundaries in the classical α-Fe/C system. At shear rates larger than the solute diffusion rate, we observe a transition from coupled motion to sliding. Below a critical solute excess, the boundaries break away from the solute cloud and move in a coupled motion. At smaller shear rates, we observe extrinsic coupled motion at small stresses indicating that the coupling is aided by convective solute diffusion along the boundary. Our studies underscore the role of solutes in modifying the bicrystallography, temperature and rate dependence of shear accommodation at grain boundaries.
The mechanics of polycrystals is shaped by the underlying grain boundaries. It is well established that the microstructure evolves in response to external stresses via motion of the constituent boundaries [1] . As a consequence, tailoring the polycrystal properties to the desired application -be it high strength, ductility, or toughness -is no longer limited to the processing routes; it requires a fundamental understanding of the motion of grain boundaries to the locally generated stress state. Of note is the response to shear as the relatively weaker grain boundary structure renders them susceptible to sliding, i.e. v = Sτ , where S is the sliding constant associated with the tangential velocity v in response to a shear stress τ . There is growing evidence that the shear can also couple to the normal motion v n [2, 3] . The coupling constant, defined as the ratio v || /v n = β for fully coupled motion (S = 0), is sensitive to the boundary type, temperature and shear rate, as recently validated by experiments and atomic-scale computations [4] .
Current understanding of this interplay between shear stress and boundary motion is based on studies on elemental systems; the effect of solutes (or impurities) and related defects has been largely ignored. These extrinsic effects are important in both commercial purity metals and engineered alloy systems as the solutes preferentially segregate to the grain boundaries [5] . The modified boundary energetics and kinetics can lead to deviations from the theorized trends. As an example, the effect on normal motion has been studied extensively, dating back to early work by Cahn, Lücke and Stüwe [6] , wherein the solutes exert a drag when the boundary moves with the solute cloud -the loaded regime.
The effect of solute segregation on shear accommodation at the grain boundaries remains unexplored. We * mupmanyu@neu.edu address this vacuum by performing atomic-scale simulations on flat grain boundaries in BCC-iron, decorated with an equilibrated interstitial carbon segregation profile and subject to an imposed shear. We explore the effect of (boundary) solute excess Γ i , shear-rate,γ and temperature T on the boundary deformation, viz. sliding versus coupled motion. The response is self-consistently compared with that of a pure boundary. Figure 1a shows the atomic configuration of one of the symmetric tilt grain boundaries in α-Fe, a high-angle Σ5 (001)-θ = 53.1
• . The bulk carbon concentration is fixed at c ∞ = 0.05 wt% and the segregation at the grain boundary is clearly visible. Empirical interatomic potentials of the Hepburn-Ackland variety are used for describing the Fe-Fe and Fe-C interactions [7] . The simulation cell used to extract the pure boundary structure is periodic in-plane (L x = 6.1 nm and L y = 6.2 nm) and terminates at free surfaces normal to the boundary (L z = 30.4 nm). The structure is locally relaxed at 0 K using conjugate gradient minimization and the temperature is gradually increased at zero pressure via isothermal-isobaric (NPT) molecular dynamic (MD) simulations (Nose-Hoover thermostat, time step of 2 fs). Volume perturbations normal to the boundary plane are employed to finally equilibrate the structure for 0.5 ns at the desired temperature.
Equilibrium carbon segregation profile is obtained using grand-canonical Monte-Carlo (GCMC) computations [8] . To eliminate spurious effects due to segregation at the free surfaces, we employ fixed z-edge regions which are eventually relaxed to c ∞ . We limit the study to low carbon concentrations (< 0.2 wt%), and for efficiency the Fe-atoms are frozen and interstitial carbon atoms are added, deleted and moved in accordance with the prescribed chemical potential. The addition of carbon atoms leads to changes in pressure, and to that end NPT MD is used to adjust the cell volume, periodically • grain boundary in BCC-Fe. The bulk impurity concentration is c∞ = 0.05 wt%. Here and elsewhere, blue and red atoms denote Fe and C, respectively. The Fe atom size is reduced to better depict the distribution of C atoms and their segregation at the boundary. (b) The segregation profile c(z) at T = 550 K that follows the dilute approximation c ≈ c∞ exp(−U/kBT ), where U ≈ U (z) is the solute-boundary interaction energy .
and towards the end of the simulation. The equilibrated profile, averaged over x-y planes and plotted in Fig. 1b , shows maximum at the boundary with an impurity excess Γ i ≈ 27 atoms/nm 2 distributed over a boundary width δ ≈ 4 nm (Fig. 1c) . Canonical (NVT) MD simulations are employed to study the shear response. One of the two z-edges is held fixed while the atoms in the other z-edge are prescribed a constant shear rateγ. A local orientation order parameter [9] together with the location of the highest peak in the segregation profile c(z) is used to track the boundary dynamically. Figure 2 shows the atomic configurations of the pure and segregated boundary at temperature T = 550 K and shear rateγ = 1 m/s (strain rate ≈ 10 7 s −1 ) that is higher than the diffusion rate, D(550 K)/ r ≈ 10 −2 −10 −4 m/s. Here, r is the interstitial diffusion length of the order of the Fe lattice parameter a. Following an initial transient, the pure boundary exhibits fully coupled motion with a coupling constant β ≈ 1 that is in excellent agreement with geometrical predictions [2] , i.e. β = 2 tan θ/2. It then follows that the normal driving force p due to the orientation dependent elastic anisotropy is negligible [10] . The shear stress τ zx ≈ 0.75 GPa and devoid of serrations associated with stick-slip behavior (S ≈ 0), consistent with past studies on fully coupled boundaries [4] .
The response of the solute-loaded boundary is dramatically different. As in the pure case, the boundary exhibits sliding during the initial transient as the stress increases and then plateaus to a steady-state value, τ zx ≈ 2 GPa. Thereafter, the boundary continues to slide with negligible normal motion -the motion is uncoupled (β ≈ 0). The shear stress is higher due to the segregation yet the transition to sliding suggests that the solute drag to nor- Δz (pure GB) mal motion exerted by the mostly static solute cloud [6] , p z i ≈ N ∂S c∇ z U dz, effectively suppresses the coupled motion. Here, N is the number density of solute sites within the grain boundary region ∂S and the spatial gradient ∇ z U is the drag force per solute. Evidently, the boundary is weaker with respect to sliding due to a combination of segregation energetics and associated structural transitions that can lubricate the boundary, as well as solute diffusion through the boundary that can be itself aided by the stress [11] .
Decreasing the solute concentration and increasing the temperature results in another class of behavior wherein the boundary breaks away from the solute cloud and transitions to the unloaded, shear-coupled regime. Two instances of the transition at T = 1000 K are shown in Fig. 3 : the Σ5 boundary at c ∞ = 0.02 wt% and a low-angle θ = 7.2
• (001) boundary at c ∞ = 0.05 wt%. The shear rate is same as in Fig. 2 , and although the carbon diffusivity is enhanced by orders of magnitude [D(1000 K) ≈ 10 −10 m 2 /s], it is still high compared to the diffusion rate D/ r ≈ 0.1 m/s. The reduced carbon concentration translates to much smaller impurity excess, and in turn a smaller (normal) impurity drag. As the bicrystal increases its shear stress in response to the shear displacement (Fig. 3b) , the coupled response is constrained. The stress induces a bulk driving pressure normal to the boundary that scales with the elastic anisotropy between the two crystals [2, 10] . Since the elastic anisotropy in Fe is weak, the boundary slides to absorb the imposed shear at low shear displacement and stresses. At large stresses, p > p z i and the boundary breaks away from the solute cloud. The shear stress decreases sharply and then plateaus as the boundary transitions to the unloaded, coupled regime (p ≈ 0).
The shear stress for the unloaded boundary is higher as its motion is modified by the small fraction of solute atoms that continually accumulate at the boundary as it moves through the solid solution. In the case of the Σ5 boundary, the normal displacement of the pure boundary exhibits a staircase-like profile with a correspondingly serrated shear stress profile, characteristic of a mixed mode that involves both coupling and sliding under these loading conditions. The unloaded boundary is weakly coupled suggesting that the drag force due to relatively static isolated impurities is significant [12] . Interestingly, the normal motion consists of small intervals characterized by negative normal motion that indicate that the motion is jerky. The vacated solute cloud itself acts as an additional bulk driving force that can further modify the normal motion. The shear stress evolution is also non-uniform. Eventually, the boundary accumulates enough solutes and transitions back to the loaded regime. Over experimental time-scales, we expect the overall motion to be quite non-uniform with cyclic shear stress due to transitions between the loaded and unloaded motion. Our results show that for fixed loading conditions the transition between sliding and breakaway is associated with a critical solute excess Γ * .
The response of the low-angle boundary shown in Fig. 3c-d is similar. The Cottrell atmosphere of solutes around the boundary dislocations is clearly visible. The pure boundary is fully coupled at this temperature with negligible sliding, as expected for a long-angle boundary. Beyond a critical tangential displacement, the dislocations escape from the respective Cottrell atmospheres. The subsequent normal motion takes place via dislocation glide on parallel slip planes along the boundary normal. The shear stress again decreases sharply and plateaus to a value slightly larger than the pure boundary as the dislocations move through the solid solution.
Unlike the Σ5 boundary, the coupled motion is quantitatively similar to the pure boundary due to the reduced frequency of interactions between the dislocation cores and the solutes. The low-angle boundary does not exhibit any transition to sliding at higher shear rates or temperatures as it is strongly coupled to almost the bulk melting point.
Lowering the shear rate results in a transition to shear coupled behavior. Figure 4a shows the response of the Σ5 boundary forγ = 0.01 m/s, c ∞ = 0.07 wt% and T = 1000 K. The atomic configurations (Fig. 4a) reveal that the solute cloud is now quite mobile relative to the boundary motion as the bulk carbon diffusion rate is almost an order of magnitude faster. We immediately see a transition to shear-coupled behavior. The normal displacement plotted in Fig. 4b is quite sensitive to the applied shear -the boundary displaces by almost ∆z ≈ 4 nm for a tangential displacement of ∆u x ≈ 0.4 nm yielding an effective coupling constant of v /v n ≈ 0.1. Under identical conditions and for the same range of tangential displacement, the pure boundary shows negligible normal motion, indicating that the coupling constant is smaller. Comparison with the mixed response that occurs over larger tangential displacements (Fig. 3b) confirms that the coupling is almost an order of magnitude smaller, underscoring the effect of solute-boundary interactions.
The nature of the boundary motion and the corresponding shear stress evolution is also quite different (Fig. 4b) . As before, the boundary motion is jerky and the coupling is non-uniform with intervals where it is negative. A key aspect of the motion is that unlike the pure or the unloaded grain boundary, the coupled motion occurs at a much smaller stress that fluctuates and changes sign. However, the boundary does not wander [9] , as its motion remains correlated to the shear stress. Evidently, the solute cloud aids boundary motion by lowering the shear stress that drives the coupling behavior.
We delegate a detailed mechanistic treatment to a subsequent study and for now consider the case where at steady-state the solute cloud moves normal and tangential to the boundary plane to accommodate the shear. Combining the simplified CLS model for solute drag with The normal displacement and shear stress evolution plot as in Fig. 2b , and (c) the corresponding boundary segregation profiles.
the Cahn-Taylor model for coupled motion [2] ,
where
is a parameter related to the solute-impurity interaction. We assume that the intrinsic normal mobility M in the low velocity limit is negligible compared to the extrinsic mobilityM i ≈ 1/αc ∞ [13] . In the p = 0 limit, we get v /v n = β + Sαc ∞ /β which still cannot reconcile the large decrease in v /v n that we observe. While we cannot rule out additional sources of normal driving forces on the segregated boundary [14] , a key limitation is that the CLS-based solute drag models ignore the convective solute flux along the boundary [15] . The evolution of the concentration profile c(z) plotted in Fig. 4c shows that the solute diffusion is significant; the boundary widens with an additional peak in the segregation profile, and since the boundary diffusivity of interstitial carbon is much higher than in the bulk D D, this is suggestive of boundary motion-induced solute diffusion that is analogous to the phenomenon of diffusion-induced grain boundary motion (DIGM) [16] . The diffusion gradient is associated with a tangential force ∂ x p
As an example, assuming the boundary is liquid-like with a viscosity η and the boundary diffusion is uncorrelated with the normal motion [c(z) ≈ c eq (z) and
, a simple hydrodynamic balance within the boundary region relates the solute diffusion to an extrinsic slip v ,
The generated slip aids the imposed stress and therefore lowers its value, consistent with our simulations. In summary, we find that shear stress driven boundary motion is sensitive to the shear rate relative to the solute diffusion time scale D(T )/ r . At large shear rateṡ γ D/ r , boundaries that are otherwise fully coupled undergo a transition to pure sliding, or break away from the solute cloud to preserve the coupled response. The nature of the transition is controlled by the solute excess: at low concentrations, the boundaries favor breakaway to the unloaded regime, and high concentrations result in sliding. Forγ ∼ D/ r , i.e. low shear rate or high temperatures, the solute cloud can move with the boundary. The coupled behavior occurs at significantly lower stress as it is modified by normal and tangential solute flux, and the effective coupling constant can different markedly from that predicted by geometric considerations. In the case of high-angle boundaries, we observe a decrease in the coupling by almost an order of magnitude. The observations underscore the importance of solute segregation in determining both the nature and extent of the shear deformation of grain boundaries.
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